Tumor suppressor
Introduction
Epithelial ovarian cancers are a major cause of cancer-related death among women. These cancers comprise a heterogeneous group with respect to tissue and cell type of origin and histological type (Karst and Drapkin, 2010; Kurman and Shih Ie, 2010; Vaughan et al., 2011) . They may arise from the ovarian surface epithelium, from the epithelium of the distal fallopian tube, the secondary Mullerian system, or from the mesothelial lining of the peritoneal cavity (Bowen et al., 2009; Abbreviations: OVCA, ovarian carcinoma; FFPE, formalin-fixed paraffin-embedded; HOSE cells, human ovarian surface epithelial cells; Me-DIP, methylation sensitive DNA immunoprecipitation.2012; Dubeau, 2008) . A variety of genetic and epigenetic changes have been found in these cancers, some correlated with particular stage, grade or histological type (Asadollahi et al., 2010; Cannistra, 2004; Chen et al., 2003; Cho and Shih Ie, 2009; Etemadmoghadam et al., 2009; Jazaeri, 2009; Lengyel, 2010; Mok et al., 2009; Pearce et al., 2009; Tycko, 2000) . Mutations in p53 are found in a majority of ovarian cancers as well as in precancerous lesions in the distal portion of the fallopian tube (Crum, 2009; Crum et al., 2007) . In particular, 96% of highgrade serous carcinomas, the most frequent and highly malignant type, harbor p53 mutations Engler et al., 2012) .
First identified as a binding target of the SV40 large T (tumor) antigen (Lane and Crawford, 1979; Linzer and Levine, 1979) , p53 is also targeted for inactivation or destruction by the high risk human papilloma viruses as agents of cervical cancer and by certain members of the adenovirus group that are oncogenic in experimental animals (Howley and Livingston, 2009 ). Surprisingly, the highly oncogenic mouse polyoma virus stands apart from other DNA tumor viruses, including the closely related SV40, in failing to target p53 (Dey et al., 2000) . A 'tumor host range' selection procedure was devised with the aim of uncovering other possible tumor suppressor gene(s) with which polyoma virus must interact in order to replicate and induce tumors in the mouse. The p150 product of the SALL2 gene was uncovered as a binding partner of the polyoma virus large T antigen using this procedure ). Viral DNA replication is inhibited by p150 and binding by the large T protein overcomes this inhibition. A virus mutant unable to bind p150 is unable to replicate and fails to induce a broad spectrum of tumors in the mouse .
Members of the SALL (Spalt-like) gene family are evolutionarily conserved orthologues of the homeotic gene Spalt in Drosophila (Jurgens, 1988) . They encode multi-zinc finger transcription factors with roles in embryonic development in vertebrate as well as invertebrate species (de Celis and Barrio, 2009; Sweetman and Munsterberg, 2006) . Mutations in SALL1 (Kohlhase et al., 1999) and SALL4 (Al-Baradie et al., 2002; Kohlhase et al., 2005) give rise to developmental defects in man. SALL4 is important in maintaining a pluripotent state in mouse embryonic stem cells (Yang et al., 2010; Zhang et al., 2006; Zhou et al., 2007) . The SALL2 transcription factor binds to the neurotrophin receptor and plays a role in neuronal development (Pincheira et al., 2009) . SALL2 is essential for inducing and maintaining a quiescent state in human fibroblasts under conditions of serum deprivation (Liu et al., 2007) . It is the only member of the SALL family implicated as a tumor suppressor Ma et al., 2001) .
Though unrelated to p53 in amino acid sequence and differing in its DNA binding specificity (Gu et al., 2011) , p150 overlaps functionally with p53 in inducing expression of p21 Cip1/Waf1 and BAX (Li et al., 2004) . Unlike p53, p150 is not a DNA damage response protein but is stably and highly expressed in certain terminally differentiated cells. In a survey of normal mouse tissues, the highest level of expression was found in the ovary . Restoration of SALL2 expression in an OVCAderived cell line deficient in p150 expression resulted in partial suppression of tumor growth in SCID mice. Suppression of growth was accompanied by a decreased mitotic index and an increased apoptotic index along with induction of p21 Cip1/ Waf1 and BAX (Li et al., 2004) . While p150 is highly expressed in the normal mouse ovary, the specific cell types within the ovary which express the protein and which of the two known isoforms (splice variants) ) are expressed remain unknown. The present investigation was undertaken to determine the pattern of SALL2 expression in the normal human ovary and in epithelial ovarian cancers.
2.
Material and methods
Cells
HOSE cells were telomerase-immortalized, HPV E6-transformed human ovarian surface epithelial cells (Clauss et al., 2010; Drapkin et al., 2005) . OVCA-derived cells SKOV-3 and RMUGS were from the American Type Culture Collection. Cells were grown in DMEM with 10% fetal bovine serum. RMUGS and SKOV-3 were subjected to DNA demethylation by incubation with 5-azacytidine (2 mM) for 5 days.
Antisera
Polyclonal antisera were raised in rabbits against the N-terminus (amino acids 1e550) and the C-terminus (amino acids 717e1005) of human p150 purified as GST fusions. Antisera were purified by flow through over a GST column and binding to Staph A agarose beads. Polyclonal antisera were raised in chickens against peptides representing alternative exons E1A (AHESERSSRLGVPC) and E1 (QLISDCEGPSASEN).
Tissue samples and immunohistochemistry
After institutional review board approval, sections of formalin-fixed, paraffin-embedded (FFPE) human ovarian cancers were obtained from the Department of Pathology at the Brigham and Women's Hospital (Boston, MA). All major histological subtypes (serous, endometrioid, mucinous, clear cell, and transitional) were examined for p150 expression by immunohistochemistry (IHC) as previously described (Clauss et al., 2010; Drapkin et al., 2005) . A high-density tissue microarray (TMA) composed of high-grade serous ovarian carcinomas (Clauss et al., 2010; Liu et al., 2009 ) was also utilized. Antibody to the C-terminus of p150 was used at a dilution of 1:3000 with heat-induced epitope retrieval. Negative controls included protein-A purified preimmune serum, secondary antibody alone, and anti-p150 antibody preincubated with recombinant p150 protein. Control sections were prepared from normal ovaries obtained from women with benign gynecologic diseases under protocols approved by the institutional review boards of the Brigham and Women's Hospital. None of the negative controls generated a positive signal in IHC.
Western blots
Immunoblotting was carried out on cell extracts using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE). Intensity values were determined with LI-COR Odyssey software (Li-COR Biosciences).
2.5.
Assays for methylated DNA Me-DIP (methylated DNA immunoprecipitation) assay was carried out on purified DNAs (1 mg) with methylCpG-specific monoclonal antibody conjugated magnetic beads from Active Motif (Carlsbad, CA) following manufacturer's suggestions. PCR amplification of P2 was carried out with primers F: 5 0 -GCTCCACTGAGCCGGGCTACGTTTC and R: 5 0 -CGAGACGA-GAGCTCCTCTCGGATTC to give a 553 bp product. Amplified DNAs were run on agarose gels before and after digestion with MspI to give total and unmethylated amplicons, respectively.
Quantitative RT-PCR
Total RNA was isolated using RNeasy Ò kit (Qiagen), reversed transcribed using QuantiTect Reverse Transcription Kit (Qiagen) and quantitated by RT-PCR using primers: Aldolase A F:
To distinguish between the alternatively spliced forms of p150, the following primers were used: E1-SALL2 F e 5 0 -CCAACAGTTAATCTCGGACTGCGAAG, E1A-SALL2 F e 5 0 -CACGAATCCGAGAGGAGCTCTC, and SALL2 R: 5 0 e CACCATTACAGGAGGGTCAGTAG. RT-PCR was carried out on a Roche LightCycler 480 using SYBR Green Master Mix. The data were analyzed by the comparative C T (DDC T ) method and quantitated relative to the aldolase A gene.
Pyrosequencing
The genomic DNA samples were extracted from various samples including normal ovarian surface epithelial cells, ovarian carcinoma cell lines, and formalin-fixed, paraffin-embedded (FFPE) human ovarian tumor tissue sections. QIAamp DNA FFPE Tissue Kit (Qiagen) was mainly used for the extractions following manufacture's protocols with a slight modification. The concentration of the extracted DNAs was measured with NanoDrop 1000 (Thermo), and the DNA samples were bisulfite converted and purified with Imprint DNA Modification Kit (SigmaeAldrich). Primers for pyrosequencing assays (SALL2 P F, TAGATGGGGGGAGTTGGTTA; SALL2 P R Biotinylated, AATCTACCACAACCTCTACACCC; Sequencing primer, AAATTTTTTAGAGTTTTGAG) were designed using PyroMark Assay Design Software 2.0 (Qiagen), and PCR reactions (PyroMark PCR Kit; Qiagen) were performed using each converted DNA sample as a template. The size (348 bp) and purity of each amplicon was confirmed by agarose gel electrophoresis and then subjected to pyrosequencing assays (PyroMark Q24; Molecular and Integrative Physiological Sciences, Harvard School of Public Health). Briefly, PCR products were allowed to bind onto streptavidincoated Sepharose beads. After denaturation, the bioitinylated single-stranded PCR fragments were isolated and annealed with the sequencing primer. The sequence variations of the target region (human SALL2 Promoter 2) were quantified by pyrosequencing assays using PyroMark Instrument and Software (Qiagen). Each tumor sample was run in duplicate.
Results

3.1.
The E1A splice variant of p150 is expressed in established human ovarian surface epithelial cells SALL2 is expressed from alternative promoters P1 and P2 upstream of short exons E1 and E1A , respectively, followed by a long common exon 2 ( Figure 1A ). Functional differences between the E1 and E1A splice variants have not been reported though it is likely that they differ in tissue distribution and developmental regulation. Antibodies specific to E1 and E1A were used to show that established human ovarian surface epithelial (HOSE) cells express only the E1A variant, while E1 is the predominant form expressed in P19 embryonal carcinoma cells ( Figure 1B ). RT-PCR was used to confirm that transcription in HOSE cells is exclusively from the P2 promoter ( Figure 1C ).
3.2.
The SALL2 P2 promoter contains a CpG island
Methylation of DNA on cytosines in CpG dinucleotides is well established as a basis of epigenetic regulation in development and in tumor suppressor gene silencing in a variety of cancers (Jones and Baylin, 2007) . A comparison of sequences in the P1 and P2 promoters reveals the presence of a CpG island in P2 suggesting the possibility that loss of p150 expression in OVCA may be due to DNA methylation. Generally accepted criteria for a CpG island refer to regions of 200e500 bp with 55% GC content and an O/E (observed to expected) ratio of CpG dinucleotides 0.65 (Gardiner-Garden and Frommer, 1987; Takai and Jones, 2002) . In the w450 bp regions upstream of E1 and E1A, P1 has 52.1% GC and an O/E of 0.32 while P2 has 68% GC and an O/E of 0.86, establishing the latter as a CpG island (Figure 2) . 
3.3.
The SALL2 P2 promoter is hypermethylated in OVCA cell lines
Two OVCA-derived cell lines were used to investigate whether P2 is hypermethylated relative to HOSE cells and whether methylation may underlie the loss or underexpression of SALL2. RMUGS expresses no detectible p150 while SKOV-3 expresses a greatly reduced level compared to HOSE ( Figure 3A) . DNAs from these cells were first analyzed for methylation using 5-methylCpG-specific antibody (Me-DIP assay). The amount of promoter methylation was estimated by PCR amplification of P2 present in the 5-methylCpG antibodyselected DNA relative to that using normal IgG. The highest level of P2 methylation was seen in RMUGS followed by Figure 2 e Sequences of hSALL2 P1 and P2 promoter regions. CpG dinucleotides are shaded in yellow. Translational start sites for E1 and E1A are shown in red. Primers used for amplification of a CpG-rich region of P2 are underlined. The primer used for sequencing of the P2 amplicon and methylation analysis is in bold (see Figures 3d and 6c) . Figure 2 . Methylated and unmethylated controls were run concurrently to validate the bisulfite conversion efficiency and results. Error bars represent ±s.e.m for the average methylation across the 14 sites. P < 0.0001 for t tests of difference in average methylation for both SKOV-3 and RMUGS compared to HOSE. Figure 3B ). The inverse correlation between levels of p150 expression and 5-methylCpG content in the P2 promoter suggests methylation silencing of SALL2 in the OVCA cell lines. To further test whether SALL2 expression is regulated by DNA methylation, RMUGS and SKOV-3 were subjected to demethylation by growth for 5 days in the presence of the nucleoside analogue 5-azacytidine (azaC). This resulted in greatly increased p150 expression in RMUGS and to a modest increase in SKOV-3 ( Figure 3C ), consistent with methylation as a cause of loss of p150 expression in these cells. Recovery of p150 expression following azaC treatment suggests but does not necessarily imply direct silencing of SALL2 by P2 promoter methylation. To directly demonstrate the latter, bisulfite treatment followed by P2 amplification and sequencing was used. This procedure provides direct quantitative assessments of the degree of methylation at specific CpG sites. Bisufite is used to convert unmethylated CpGs to dUpGs leaving 5-methylCpGs unmodified. PCR amplification of the converted DNA results in changes of CpG to TpG. The percent conversion at each site is revealed by pyrosequencng of the P2 amplicon (Dejeux et al., 2009; Frommer et al., 1992) . Using this procedure on HOSE, RMUGS and SKOV-3, the percent methylation at fourteen sites in the P2 promoter was determined ( Figure 3D ). These sites lie directly downstream of the sequencing primer shown in Figure 2 . Increased methylation at each of the 14 sites is seen in both OVCA cell lines relative to HOSE. RMUGS shows the highest degree of methylation with an average of 62% across the 14 sites followed by SKOV-3 with 22% and HOSE 7%. These results demonstrate P2 methylation in OVCA-derived cell lines and support methylation silencing as a mechanism underlying loss of SALL2 expression in these tumor cells.
SKOV-3 with HOSE showing the least (
p150 is highly expressed in surface epithelial cells of the normal human ovary
Immunohistochemical staining for p150 in the normal human ovary was used to investigate the overall pattern of expression and to determine the specific cell type(s) within the ovary which express the protein. Using a polyclonal antibody to a C-terminal fragment of human p150, staining was found to be confined almost exclusively to the surface epithelium ( Figure 4A and B) . Surface epithelial cells show strong nuclear staining ostensibly across the entire epithelium. Preadsorption of the antibody with recombinant p150 confirmed the specificity of staining (Figure 4C and D) .
p150 expression is absent or greatly diminished in ovarian carcinomas
To determine the status of p150 expression in primary ovarian carcinomas, an immunohistochemical survey was undertaken of 210 cases encompassing major and minor histological types. High-grade serous tumors are the most frequent type and are associated with the highest morbidity and mortality (Karst and Drapkin, 2010) . A papillary serous carcinoma devoid of staining is shown ( Figure 5A and B) . Three additional cases of serous carcinoma are shown, two uniformly negative ( Figure 5C and D) and one with scattered p150-positive cells ( Figure 5E ). A p150-positive endometrioid carcinoma is also shown ( Figure 5F ). Results of the survey broken down according to histological type are shown in Table 1 . Staining was absent or weak in most cases across major and minor histological types. The overwhelming majority, roughly 90% overall, showed no evidence of staining. 
3.6.
The SALL2 P2 promoter is hypermethylated in a majority of serous ovarian carcinomas P2 methylation was examined directly in human ovarian carcinomas. An attempt was first made to explore the feasibility of recovering and analyzing DNA from fixed tumor sections. An ovarian tumor metastasis growing on the surface of the intestine was examined using the Me-DIP assay ( Figure 6A ). An H&E-stained section was used to guide the microdissection of tissue from an adjacent unstained section. DNAs were isolated from the tumor (T1) and surrounding normal tissue (N1) and analyzed. Increased P2 methylation was evident in T1 relative to N1 ( Figure 6B ). As further efforts to recover sufficient quantities of DNA from single sections proved difficult, we turned to biochemical analysis of fixed paraffin-embedded tumor tissues as a more direct procedure and one amenable to high throughput. Twenty-six cases of serous carcinoma were selected from among those used in the immunohistochemical survey ( Figure 5 and Table 1 ). Fifty micron cores were taken from these blocks guided by H&E-stained sections as illustrated (see inset, Figure 6C ). DNAs were extracted from the cores and analyzed by bisulfite treatment, P2 amplification, and pyrosequencing, as carried out for the OVCA-derived cell lines ( Figure 3D) . Results from the twenty-six tumors were pooled and compared with a pool of three independently established human ovarian surface epithelial (HOSE) cell lines as controls ( Figure 6C ). Hypermethylation was statistically significant at eleven of the fourteen CpG sites in the tumors relative to controls ( p-values <0.05). The average percent methylation across the 14 sites was roughly 3-fold higher in the tumors compared to the HOSE cell lines (18.6% vs 6.6%, pvalue ¼ 0.0054). The degree of methylation varied among tumors and among individual CpG sites. When averaged over the 14 sites, 18 of the 26 tumors (69%) showed 1.5-fold or greater methylation compared to the controls.
Discussion
This investigation has origins in an experimental system based on the oncogenic mouse polyoma virus, specifically in the search for possible tumor suppressors with which this virus interacts. The rationale used to identify SALL2 as a target of polyoma virus embodies the idea that exploration of pathways altered by DNA tumor viruses stand to reveal genetic alterations that drive human cancers of non-viral as well as viral etiology Rozenblatt-Rosen et al., 2012) . Here we have shown that the E1A splice variant of p150 is highly expressed in surface epithelial cells of the normal human ovary, that expression is lost or greatly diminished in most ovarian cancers, and that the SALL2 P2 promoter governing expression of the E1A variant of p150 is hypermethylated in a majority of these tumors. Promoter methylation is a plausible mechanism for the absence of SALL2 expression in many of these cancers. Transcriptional silencing is likely not the only factor involved as roughly 30% of ovarian carcinomas show little or no evidence of promoter hypermethylation. Loss of heterozygosity in the region of 14q12 carrying the SALL2 gene has been reported in ovarian cancer (Bandera et al., 1997) . SALL2 is sharply regulated at the posttranslational level. The pathway of degradation of p150 in normal cells as they re-enter the cell cycle from a quiescent state has been partially elucidated . This 'destruction pathway' may operate in an uncontrolled manner in some cases of OVCA. Changes in micro RNA expression have been noted in OVCA (Yang et al., 2008) and these may also play a role.
Genome-wide transcription profiling of normal human fibroblasts compared under conditions of serum stimulation and serum deprivation led to the identification of SALL2 as a major quiescence factor, essential for regulating the ability to enter and remain in a state of growth arrest. Downregulation of SALL2 with si-RNA was found to interfere with the ability of these cells to arrest their growth when deprived of serum (Liu et al., 2007) . Loss of SALL2 expression in ovarian surface epithelial cells likewise overcomes cell cycle arrest as SALL2 si-RNA treatment promotes the G1->S transition in HOSE cells (Li et al., 2004) . Specific pathways downstream of SALL2 that operate to impose a quiescent state are not fully understood.
Although a search for downstream targets of SALL2 has not been undertaken on a genome-wide basis, three such targets have been identified. The cyclin cdk inhibitor p21
Cip1/Waf1 and the proapoptotic factor BAX are transcriptionally activated by SALL2 (Gu et al., 2011; Li et al., 2004) . p150 is a GC-box binding protein (Gu et al., 2011) and sequences related to the consensus binding site in vitro are found in the promoters of these target genes. The c-MYC protooncogene is frequently overexpressed in ovarian cancer due to transcriptional activation or DNA amplification. Consensus sequences for p150 binding are found in the nuclease hypersensitive control element of the c-MYC promoter. p150 has recently been shown to bind to these sequences and to represses c-MYC transcription (Sung et al., 2012) . Following an apoptotic stimulus delivered to HOSE cells, p150 is recruited to the c-MYC promoter. Analysis of data in The Cancer Genome Atlas shows inverse correlations in expression of SALL2 and c-MYC in four solid tumor types deriving from tissues known to express p150 including ovarian. Based on our current understanding, silencing of SALL2 in OVCA is expected to result in the disruption of multiple pathways involved in regulating cell growth and survival. The molecular and physiological functions of SALL2 have only recently come under investigation. Much remains unknown about its normal functions and the full consequences of its loss as a suppressor of ovarian and possibly other forms of cancer.
Conclusions
p150, product of the SALL2 gene, was first identified as a putative tumor suppressor and binding target of the oncogenic mouse polyoma virus. p150 has growth arrest and proapoptotic properties akin to those of p53 and is essential for cells to enter a quiescent state. In this study for the first time we examine the expression of p150 in a human cancer and one of its normal tissues of origin. We show that p150 is highly expressed in surface epithelial cells of the normal human ovary under control of an alternative CpG-rich promoter. Results of immunohistochemical staining showed that p150 is absent or undetectable in over 90% of ovarian carcinomas. Absence of p150 expression in these cancers is due in large part to methylation of the SALL2 promoter.
